Effective formulations of hydrophobic drugs for cancer therapies are challenging. To address this issue, we have sought to nanoscale artificial oil bodies (NOBs) as an alternative. NOBs are lipid-based particles which consist of a central oil space surrounded by a monolayer of oleosin (Ole)-embedded phospholipids (PLs). Ole was first fused with the anti-HER2/neu affibody (Ole-ZH2), and the resulting hybrid protein was overproduced in Escherichia coli. ZH2-displayed NOBs were then assembled by sonicating the mixture containing plant oil, PLs, and isolated Ole-ZH2 in one step. To illustrate their usefulness, functionalized NOBs were employed to encapsulate a hydrophobic anticancer drug, Camptothecin (CPT). As a result, these CPT-loaded NOBs remained stable in serum and the release of CPT at the non-permissive condition exhibited a sustained and prolonged profile. Moreover, plain NOBs were biocompatible whereas CPT-loaded NOBs exerted a strong cytotoxic effect on HER2/neu-positive cells in vitro. Administration of xenograft nude mice with CPT-loaded NOBs also led to the regression of solid tumors in an effective way. Overall, the result indicates the potential of NOBs for targeted delivery of hydrophobic drugs.
Introduction
Cancer appears to be the most life-threatening disease in humans. The breakthrough of cancer nanotechnology offers a great promise for combating this disease [1] . One promising strategy is to functionalize the carriers encapsulated with antitumor drugs. This is commonly approached by conjugation of the drug-loaded carriers with a ligand that binds to the tumor-cell-specific biomarker. After administration of these functional carriers, the chemotherapeutic entity is selectively delivered to tumorous sites. This results in an increase in drug efficacy and a decrease in the drug toxicity to normal cells [2] . Nanoparticles are particularly useful for targeted delivery of many drugs, which usually can improve pharmacokinetic properties and the therapeutic index of drugs [3] . Among many nanocarriers, polymeric nanoparticles and liposomes are two representative examples for various drug formulations [4, 5] . Although the results are encouraging, the complexity still exists in the optimization of many biophysicochemical parameters for drug formulations based on these two carriers, particularly for hydrophobic drugs [6, 7] . The problem frequently associated with the administration of hydrophobic drug-loaded nanocarriers is low bioavailability and high local concentration of drugs at the site of the aggregate deposition [8, 9] . As well recognized, many anticancer pharmaceuticals of high efficacy are poorly soluble. Therefore, the key issue at present is how to make targeted delivery of hydrophobic agents via oral or intravenous administration effective.
To address this issue, we have recently explored artificial oil bodies (AOBs) as a potential drug delivery carrier [10, 11] . Like its natural counterpart (e.g. plant seed oil body), AOBs are mainly composed of a triacylglycerol (TAG) matrix (see figure 1 ). This oil matrix is surrounded by a monolayer of phospholipids (PLs) into which the structural protein, such as oleosin (Ole), is embedded [12, 13] . The structure of Ole comprises a central lipophilic core that is anchored onto PLs and two terminal hydrophilic domains that protrude outwards [14] . Bearing a negative charge, the two protruding domains provide an electronegative repulsion force to maintain the integrity of individual AOB [15, 16] . Technically, AOBs can be created by self-assembly of biomaterials consisting of plant oils, PLs, and Ole in one step [17] . Their size can be tailored to reach the nanoscale by varying the ratio of the matrix oil to Ole [11] . In particular, AOBs present to be a superior matrix for the surface display of the passenger motif that is fused with the N-or C-terminus of Ole. This remarkable feature ushers in many biotechnological applications based on AOBs [18] [19] [20] .
AOBs essentially consist of natural lipids with a hydrophobic core. This renders it appealing for encapsulation of hydrophobic agents. Therefore, the preliminary study has been undertaken to explore the feasibility of AOBs for selective delivery of a cargo dye into tumor cells [10, 11] . The approach was based on the fusing of a small domain consisting of the arginine-glycine-aspartate (RGD) motif or a bivalent anti-HER2 affibody (denoted as ZH2) with Ole. After overproduction in Escherichia coli, the resulting protein (e.g. Ole fused to either RGD or ZH2) was recovered to assemble nanoscale AOBs (NOBs). Entrapped with a hydrophobic fluorescence dye, these functionalized NOBs were applied to tumor cells in vitro. As a result, RGD-or ZH2-displayed NOBs were able to target and penetrate tumor cells overexpressing α v β 3 integrin and HER2/neu, respectively. The internalization efficiency could reach as high as 80%-90%. Moreover, the internalized NOBs disintegrate at the nonpermissive pH (e.g. in acidic endosomes) over time, resulting in the release of the cargo dye. The release profile showed a sustained and prolonged curve. All these findings clearly indicate the potential of NOBs as a drug delivery carrier.
In this study, we continued our efforts to explore the usefulness of NOBs for targeted delivery of hydrophobic drugs. A potent anticancer agent, Camptothecin (CPT), was chosen for demonstration. CPT is a cytotoxic alkaloid that is first isolated from Camptotheca acuminate. This drug functions to inhibit the activity of topoisomerase I during the S phase of the cell cycle [21] . Nevertheless, CPT is poorly absorbed after oral administration and shows highly variable pharmacokinetics [22, 23] . To illustrate, NOBs were functionalized by displaying ZH2 on their surface. ZH2-displayed NOBs were exploited for CPT formulations and detailed characterization was further carried out. For the first time, the result indicates that functionalized NOBs are promising for targeted delivery of the hydrophobic anticancer drug to tumor cells both in vitro and in vivo. This may open a new avenue in the field of cancer nanotechnology.
Experimental method

Bacteria culturing and protein production
Plasmid pJO1-Ole-ZH2 contains the N-terminal fusion of Ole with ZH2 under the control of the T7 promoter [11] . Similar to plasmid pJO1-Ole-ZH2, plasmid pJO1-Ole serves as a control and carries Ole alone. The two plasmids were transformed into E. coli strain BL21(DE3) to obtain strain BL21/pJO1-Ole-ZH2 and BL21/pJO1-Ole, respectively. Shake-flask cultures of bacterial strains were carried out in a similar way as reported previously [11] . In brief, bacteria were harvested by centrifugation after induction and then resuspended in 10 mM sodium phosphate buffer (PBS) at pH 7.5. Following disruption by sonication, bacterial proteins were collected by centrifugation and were analyzed by sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The quantitative amount of recombinant proteins was determined using the Image Analyzer GA90000 (UVItec, UK).
Encapsulation of CPT by self-assembled NOBs
Essentially following the previous report [11] , NOBs were assembled in 1 ml PBS which contained 100 μg olive oil, 150 μg PLs and 100 μg purified Ole or Ole-ZH2 fusion protein at pH 7.5 and 4
• C. To encapsulate the drug, NOBs were prepared in the same way except that an indicated amount of CPT was added to the assembly solution. The mixture was then subjected to sonication with the amplitude set at 20% for 10 s (VCX750, Sonics & Materials Co., USA). After repeating three times on ice, CPT-loaded NOBs were collected by centrifugation and washed with PBS.
Fourier transform infrared spectroscopic (FTIR) analysis
The mechanistic interaction of CPT with NOBs was analyzed using the Digilab FTS3500 spectrophotometer (Bio-Rad, USA). The FTIR spectra of CPT formulations on KBr pellets were obtained in the region from 4000 to 650 cm −1 .
Differential scanning calorimetry (DSC)
The DSC analysis was carried out with a CSC 6300 microcalorimeter (Calorimetry Science Co., USA). Indium was used for the calibration of melting point and heat of fusion. Under nitrogen purge, the instrument was operated within the range of 20-300
• C with a heating rate of 10
The aluminum sample pan (Calorimetry Science Co., USA) was used as a standard while an empty pan served as a reference.
Morphology study
The morphology of CPT-loaded NOBs was visualized with an atomic force microscope (AFM) of NS4/D3100CL/Multi Mode (Digital Instrument, Germany).
The AFM was performed in the tapping mode to investigate the surface morphology of NOBs in three dimensions. A drop of the CPT-loaded NOB suspension was cast onto the mica surface at room temperature. A cantilever was used for scanning with a nominal force constant of 20 N m −1 . In addition, CPT-loaded NOBs were also analyzed by transmission electron microscopy (TEM) with the model of JEOL JEM-1400 (Japan). The protocol for performing TEM essentially followed our recent report [11] .
Particle size and zeta potential analysis
The mean particle size of CPT-loaded NOBs was determined by the laser light scattering method as reported previously [11] . Meanwhile, the polydispersity index (PI) and zeta potential of CPT-loaded NOBs were determined by a Zetasizer (HSA 3000, Malvern Instrument Ltd, UK). The particles were dispersed in water to obtain a proper scattering intensity before measurement. The zeta potential values were assessed by determining the particle electrophoretic velocity.
Drug loading and release study in vitro
The loading yield and released amount of CPT in NOBs were measured using a dialysis bag (membrane: Spectra/Por 12 000-14 000 MWCO, Spectrum Laboratories, USA) as described previously [11] . CPT-loaded NOBs (1 ml) placed in a dialysis bag were immersed in 0.01 M PBS (20 ml). The dialysis was conducted at 37
• C under constant stirring. At time intervals, aliquots of PBS (100 μl) were withdrawn and replenished by the same volume of fresh PBS. The content of CPT in the withdrawn PBS was measured (see below) and normalized to the initial weight encapsulated in NOBs. All experiments were performed in triplicate. Drug loading content and encapsulation efficiency were calculated as follows:
Drug loading content % = Weight of CPT in NOBs Weight of NOBs with CPT × 100%
Encapsulation efficiency % = Weight of CPT in NOBs Weight of feeding CPT × 100%.
Measurement of CPT
Released CPT was measured by a high performance liquid chromatography (HPLC) system which comprises a Waters 2795 Separations Module and a Waters 2996 Photodiode Array Detector (Waters, USA). Samples were analyzed using Mightysil RP-18 GP (Kanto, Japan) and detected at 254 nm with the mobile phase pumped at 1 ml min −1 . The mobile phase consisted of acetonitrile and water with the volume ratio at 30:70.
Cell culture
Human cancer cell lines, including MDA-MB-231 (ovarian), SKOV3 (ovarian), MCF7 (breast) and MCF7/Her18 (HER2-transfected stable cell line), were grown according to the previous report [11] . In brief, tumor cells were cultured at 37
• C in a humidified atmosphere (5%) in the presence of CO 2 . The culture medium was changed every two days until cell confluence reached 80%. Cell concentration was calculated using a hemocytometer. For analyses, cells were resuspended and seeded into a 24-well plate to reach 1 × 10 5 cells per well.
In vitro assessment of cytotoxicity
Cell cytotoxicity of NOBs with or without CPT was assessed according to our previous report [11] . Tumor cells were cultured in a 96-well plate and treated with various CPT formulations. After removal of the supernatant, the cells were washed with PBS and incubated in DMEM with 10% WST-8 solution for 2 h. Based on a cell-counting kit (Dojindo Molecular Technologies, Inc.), the absorbance of each well was measured at 450 nm using a microplate reader (SpectraMax M2, Molecular Device, USA). Cell viability was calculated as the ratio of absorbance of NOB-treated cells relative to that of untreated cells.
Hemolysis assay
CPT formulations were incubated in diluted blood (1 ml) at 37
• C for 30 min. Subsequently, plasma was separated by centrifugation of blood-containing suspensions at 2000 rpm for 3 h. The amount of hemoglobin released due to hemolysis was measured spectrophotometrically at 543 nm (V530, Jasco, Japan). The hemolytic activity was calculated with reference to blank and completely hemolyzed samples (e.g. distilled water). Light microscopy (Nikon type E600, Japan) was used to characterize any abnormalities in the blood cells after incubation.
Antitumor activity in vivo
Animal experiments were carried out in agreement with the principles outlined by the Committee of China Medical University (no. 99-18-N). BALB/cAnN.Cg nude mice (four weeks old, female, and 20 g body weight) were purchased from the National Laboratory Animal Center in Taiwan and maintained under specific pathogen-free conditions in the Animal Center at China Medical University. The mouse tumor model was developed by injecting an SKOV3 cell suspension (0.1 ml) at 1 × 10 7 cells/mouse into the right flank of a nude mice mouse. Tumor nodules were allowed to grow to a volume >150 mm 3 before the treatment was initiated. Tumor-bearing Tumor volume (V ) = length × width × width/2.
Prior to treatment, all mice were numbered and recorded for their initial weight and initial tumor volume. Animals were given two intratumorous injections of CPT formulations at an interval of three days per week. The administrated dose of CPT was 0.5 mg kg −1 of mouse body weight. The body weight and tumor volume for each mouse were then measured twice a week.
Results and discussion
Characterization of CPT-loaded NOBs
After encapsulation with CPT, NOBs were characterized with respect to their morphology, particle size, size distribution, surface charge and physical state. As visualized by TEM, NOBs with or without CPT assumed a spherical shape with the size reaching approximately 200 nm (figures 2(a) and (b) ). Meanwhile, AFM shows that the shape of NOBs remained unaffected before and after encapsulation of CPT (figures 3(a) and (b)). Their size was in the range of 250-300 nm, in agreement with that measured by the laser light scattering (table 1). Note that TEM measures the diameter of subjects at the dehydrated state while AFM and laser light scattering determine the hydrodynamic diameter of subjects. Therefore, it leads to the discrepancy in the size of NOBs as measured with different methods. Overall, encapsulation of CPT has no effect on the size of NOBs. The possible complexation of CPT with NOBs was further analyzed by FTIR. As depicted in figure 4 , the FTIR spectra of plain CPT gave main characteristic peaks at 2954 and 2852 cm −1 (C-H stretching vibrations), 1745 and 1651 cm −1
(stretching vibration of ester and lactone carbonyl group) and 1157 cm −1 (C-N stretching vibration of benzene ring). The typical FTIR spectra of plain NOBs showed the prominent peaks arising from C-H (2954, 2906 and 2852 cm −1 ) and C=O (1749 cm −1 ) stretch vibrations, C-H deformation (1463 cm −1 ) and (CH 2 ) n , (n > 4) (723 cm −1 ) bonding [24] . Upon encapsulation of CPT into NOBs, the characteristic peaks appearing in the spectra were the combination of those for plain CPT and plain NOBs and no extra peaks occurred. This result is consistent with the observation as reported previously [25] . It indicates an insignificant interaction between CPT and NOBs.
To investigate the physical state of CPT in NOBs, the DSC assay was carried out. Figure 5(a) shows that the DSC thermogram of plain CPT gave a characteristic melting peak at 270
• C. This endothermic peak disappeared when CPT was mixed with olive oil or once encapsulated into NOBs ( figure 5(b) ). This result suggests that CPT is completely dissolved in NOBs and remains at the amorphous state according to the previous report [26] . . Drug release profile of CPT-loaded NOBs. CPT was loaded into NOBs with the concentration of 50 (F50), 100 (F100) and 500 μg ml −1 (F500). Consequently, CPT-loaded NOBs were analyzed for the drug release. The experiment was conducted in triplicate.
Loading capacity and release of CPT
A carrier with a high loading capacity is helpful to reduce the quantity of carriers for administration. Therefore, the CPT loading capacity of NOBs was investigated by the dialysis method as described. After encapsulation of various CPT into NOBs, the encapsulation efficiency was found to reach 70-85% (table 1) . Figure 6 shows the cumulative release profile of CPT from NOBs. The initial burst release was prominent in the first 5 h and reached more than 90%, 60% and 30% of the original CPT for F50, F100 and F500 formulations, respectively. After this burst release, it gave a constant and slow release profile of CPT. The released amount of CPT could account for 98% (F50), 80% (F100) and 60% (F500) of the original dose at the end of experiments. Overall, CPT-loaded NOBs exhibit a sustained and prolonged drug release profile as commonly reported [27, 28] .
In vitro cytotoxicity study and hemolysis test
To target tumor cells overexpressing HER2/neu, NOBs were functionalized by the surface display of ZH2. HER2/neu belongs to the human epidermal growth factor receptor family [29] and its abnormal overexpression can lead to the progression of aggression of tumors [30] . The further investigation was conducted to study the cytotoxic effect of CPT-loaded NOBs on tumor cells. CPT was very toxic to cells as expected ( figure 7(a) ). Consistent with our recent report [11] , ZH2-displayed NOBs free of CPT exhibited no toxicity toward cells ( figure 7(b) ). The result indicates the biocompatibility nature of NOBs. However, the viability of MCF17/Her18 cell (HER2/neu-positive) was drastically reduced after the cell was exposed to ZH2-displayed NOBs with CPT. In contrast, the MCF7 cell (HER2/neu-negative) was insensitive to CPT-loaded NOBs. This suggests that CPT toxicity could be shielded after encapsulation into NOBs. According to our recent report [11] , ZH2-displayed NOBs could be selectively internalized into HER2/neu-positive cells with internalization efficiency reaching 90%. Therefore, the cytotoxic effect on HER2/neu-positive cells is mainly ascribed to the targeted delivery of CPT by NOBs via a ZH2-mediated internalization pathway. Moreover, the CPTmediated cytotoxicity towards HER2/neu-positive cells was not cell-dependent. The viability of both MCF17/Her18 and SKOV3 cells (HER2/neu-positive) dropped markedly in response to the administrated dose of CPT ( figure 7(b) ). The dose of formulated CPT that reduced cell viability by 50% was estimated to be 45 μg ml −1 . The result clearly indicates the high efficiency of functionalized NOBs for targeted delivery of the anticancer drug.
Safety is a key issue in the evaluation of the quality and the potential clinical application of a drug delivery system. Therefore, the hemolysis study was conducted to investigate the potential in vitro irritation of CPT-loaded NOBs. The result showed that NOBs with or without CPT were well tolerable to erythrocytes and the amount of hemolysis was negligible ( figure 7(c) ). Moreover, there was no hemolytic or blood cell agglutination after incubation of erythrocytes with NOBs for 3 h in vitro ( figure 7(d) ). Taken together, it indicates the stability and safety of NOBs.
In vivo antitumor activity
The antitumor efficacy of CPT-loaded NOBs was evaluated in a xenograft tumor model. CPT was encapsulated into plain NOBs (NOB-CPT) and ZH2-displayed NOBs (ZH-NOB-CPT). All drug formulations were administered twice (on day 1 and day 5) per week. As shown in figure 8(a) , a significant antitumor effect in mice was observed after treatment with ZH-NOB-CPT for 15 days. The infected tumors receiving the treatment of ZH-NOB-CPT started to regress on day 5, while a striking regression of tumors occurred on day 20. Consequently, the average tumor volume dropped to 45% of the initial tumor volume ( figure 8(b) ). In contrast, the average tumor volume in NOB-CPT-treated mice grew uncontrollably with time and finally doubled (figures 8(a) and (b)). The result suggests that ZH2-tagged NOBs are able to selectively deliver CPT into the HER2/neu-positive tumor site. Without ZH2, NOBs became not invasive and carried CPT could not be delivered into cancerous sites. In addition, administration of CPT in PBS buffer gave a marginal antitumor effect and the tumor size remained unchanged throughout the experiment ( figure 8(b) ). This is probably due to the toxicity of CPT.
The change in the body weight of tumor-bearing mice after injections was further examined. As revealed in figure 8(c), no significant difference in the body weight was observed for mice treated with ZH-NOB-CPT, NOB-CPT or PBS (control). The body weight loss was within the tolerable range (e.g. <5% of initial body weight). However, mice that received free CPT lost 16% of their original body weight after administration for 20 days. This indicates the toxicity of free CPT. Upon entrapment of CPT into NOBs, the toxic effect of CPT could be sheltered.
Conclusion
Many potent antitumor drugs are poorly soluble. This makes the formulation of these hydrophobic drugs problematic and challenging. CPT is one of the well-known examples. Owing to its hydrolytic instability and adverse drug interaction, many efforts have been centered on the development of intralipid formulations of CPT [31] . Liposomes and polymeric micelles are proven useful for CPT delivery [32, 33] . Similarly, NOBs are lipid-based nanoparticles but comprise a central oil space that is surrounded by an Ole-embedded lipid monolayer (figure 1). No chemical modifications are required for reconstitution of functional NOBs. They are self-assembled and well reproducible upon mixing of Ole protein, plant oil and PLs in one step. In particular, NOBs could be functionalized simply by fusion of any bioactive motifs of interest with Ole (e.g. ZH2 in figure 1 ). Ole also confers on NOBs a negative surface charge [15] , thereby contributing to the negative zeta potential (table 1) . This feature is helpful to prevent undesired interaction of NOBs with non-target cells [34] . As illustrated, the central oil space of NOBs greatly facilitates the entrapment of hydrophobic CPT. These CPT-loaded NOBs are stable and exhibit a strong cytotoxic effect on HER2/neupositive tumor cells both in vitro and in vivo. Moreover, the control-and-release nature of NOBs is acknowledged by their internalization through endosomes in which they disintegrate at acidic pH [11, 35] . In summary, we conclude that NOBs consisting of natural biomaterials are promising for targeted delivery of hydrophobic drugs. 
